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INTRODUCTION Background
The Texas District of the U.S. Geological Survey (USGS), currently (1999) operates more than 300 streamflow-gaging stations in Texas. The stations. which fulfill multiple data needs. are operated with funding cooperation from Federal, State, and local governmental agencies and are part of the USGS National Streamgaging Program (described at http://water.usgs. gov/osw/programs/streamgaging.html). The Texas Water Development Board (TWDB) is the cooperating agency for the most stations. More than 25 years ago the USGS proposed a core streamflow-data network for Texas (Gilbert and Hawkinson, 1971) . Data uses and funding were analyzed in 1985 (Massey, 1985) . Since the original core network was proposed, the number of active streamflow-gaging stations has declined. As the State population and water use increase, the importance of a core streamflow-gaging network to provide surface-water information and to monitor water resources. especially during floods or droughts, increases.
The USGS operates two basic types of streamflow stations: continuous-record stations and partialrecord stations. Continuous-record stations include daily flow stations for which instantaneous and daily mean streamflow are computed, and stage-only stations for which daily mean water levels are computed. Daily mean streamflows for the daily flow stations and daily mean water levels for the stage-only stations are published annually by the USGS.
Partial-record stations include flood-hydrograph stations for which daily mean streamflows that exceed a specific base discharge are computed; crest-stage stations for which annual peak streamflows are computed from peak stage data; and low-flow stations where streamflows are measured periodically. Daily mean and annual peak streamflows are published annually by the USGS; those data, along with recent instantaneous streamflows, are available at the USGS Texas home page at http://tx.usgs.gov/.
Purpose and Scope
The purpose of this report is to evaluate the existing l streamflow-gaging network of Texas with regard to four major objectives, and on the basis of that evaluation, propose changes to the existing network to better accomplish those objectives. Implementing the proposed changes to the streamflow-gaging network will result in a core network-a system of streamflowgaging stations required to accomplish the four major objectives of the USGS and the TWDB. Streamflowgaging stations on the Rio Grande and some of its larger tributaries that are operated by the International Boundary and Water Commission (IBWC) were not included in this analysis. Stations that gage springflow or flow in canals also were excluded; thus the gaging stations in this report represent streamflow from specific basins.
STREAMFLOW NETWORK ANALYSIS
History of Streamflow Gaging in Texas
The first streamflow-gaging station to record daily mean streamflow in Texas began operation in 1889. The station, located on the Rio Grande near EI Paso, collected data in support of the design and operation of Elephant Butte Dam (Texas Board of Water Engineers, 1960) . Several short-term stations collected streamflow data from major streams between 1895 and 1914 (Gilbert and Hawkinson, 1971) . Systematic data collection commenced in 1897 with the establishment of four additional long-term stations (Massey, 1985) . Daily flow stations still in operation today were installed on the Colorado River at Austin and on the Brazos River at Waco in 1898. By the beginning of the 20th century, the American Section of the IBWC began to collect streamflow data along the Rio Grande in Texas.
In 1915, the USGS and the State of Texas initiated formal cooperation in a statewide program to collect water-resources data, and the number of Texas stations more than doubled ( fig. 1 ). Extensive flooding in 1921 created the impetus for rapid expansion of the gaging 1 In this report, existing means as of October 1. 1999. network. By 1925, more than 100 gaging stations were active, and 36 of the stations were equipped with data recorders. After 1925, however, network expansion ceased for about a decade because of a lack of cooperative funding. After Texas experienced catastrophic floods nearly every year from 1932 to 1939, and with the passage of the Flood Control Act of 1936, the U.S. Army Corp of Engineers (USACE) funded 55 new stations. By 1939, the Texas streamflow-gaging network began to expand and remained stable during World War II.
From 1940 to 1951, most stations were installed as support for water-resources development (Gilbert and Hawkinson, 1971) . In 1952, an investigation of the effect of U.S. Soil Conservation Service floodprevention projects led to the installation of stations on streams with rural drainage areas ofless than 250 square miles. The former Texas Board of Water Engineers (TBWE) (now Texas Water Development Board) reported that more than 220 continuous record streamflow-gaging stations were in operation in the State on September 30, 1957. During the decade from 1958 to 1968, the USGS established many more stations in Texas.
As data collection increased and quantitative methods were developed for engineering projects, the State Highway Department (now Texas Department of Transportation) identified the need for data pertinent to the magnitude and frequency of flood stage and discharge for use in bridge and culvert design (Massey, 1985) . From 1964 to 1974, a statewide network of about 150 flood-hydrograph and crest-stage partialrecord stations gathered considerable data that defined the characteristics of peak flows from small rural drainage areas. On the basis of these data, Schroeder and Massey (1977) developed equations to estimate peakstreamflow frequency for natural basins in Texas. Eighteen years later, Asquith and Slade (1995) analyzed the existing peak-streamflow database and reported on the maximum documented peak streamflow for stations and other sites throughout Texas. Two years later, the database was used to develop equations to estimate peak-streamflow frequency for natural basins in Texas (Asquith and Slade, 1997) . The database also was used to define equations to estimate long-term mean streamflow for natural basins in Texas (Lanning-Rush, 2000) .
The streamflow-gaging network peaked in 1972 with the operation of about 650 stations ( fig. I) . From 1972 to 1996, the number of daily flow stations decreased from about 420 to less than 300. The gradual 1900 1902 1904 1906 1908 1910 1912 1914 1916 1918 1920 1922 1924 1926 1928 1930 1932 1934 1936 1938 1958 1960 1962 1964 1966 1968 1970 1972 1974 1976 1978 1980 1982 1984 1986 1988 1990 1992 1994 1996 
Network Evaluations in Texas
In Texas, three previous reports assess the State's streamflow-gaging network. In 1960, the TBWE published a report in cooperation with the USGS that evaluated the existing streamflow-gaging network and made recommendations for its expansion (Texas Board of Water Engineers, 1960) . The report concluded that streamflow-gaging stations had been established in response to the data requirements of individual Federal and State agencies and local entities; and that a more systematic approach would improve understanding of hydrologic conditions in the State's widely variable watersheds. Citing the fact that physiographic and climatic diversity precluded the use of streamflow data from one basin to accurately predict streamflow in another, the TBWE proposed the establishment and maintenance of a network in accordance with USGS policy and philosophy. Specifically, two general classifications of streamflow-gaging stations were defined: hydrologic-network stations that provide data from natural. unregulated basins that could be used both for planning and design of future water-development projects and in research seeking scientific solutions to hydrologic problems; and watermanagement stations designed to meet specific data needs and to provide information about present and past streamflow conditions.
The TBWE analysis identified 88 stations from the 296 streamflow-and stage-recording stations in September 1958, as areal primary stations satisfying the conditions of regional representation and length of record necessary for hydrologic investigations; and proposed the reactivation or establishment of 58 additional areal stations for the primary network, for a total of 146 areal primary stations. Thirty-two stations were identified as areal secondary stations, and the study recommended the addition of 131 stations in the areal secondary category, for a total of 163 areal secondary stations. The goal of areal secondary stations was to collect sufficient data to correlate streamflow with that at areal primary sites. The TBWE report stated that 5 to 10 years of streamflow record collected at a secondary station usually would define an adequate correlation.
A decade later, Gilbert and Hawkinson (1971) presented the results of their analysis of the 1970 Texas streamflow-gaging network of 464 stations as part of a national evaluation program. They concluded that the most serious deficiency in the collection of natural streamflow data was in the western one-third of the State, and accordingly, proposed the addition of nine stations in that region. They found the network in the eastern two-thirds of the State to be adequate. They further concluded that data collection from regulated streams was deficient and suggested additional gaging of inflow to and (or) outflow from 20 reservoirs. Massey (1985) analyzed data uses and funding for the USGS streamflow-gaging stations in Texas, as part of a project to determine cost-effectiveness of the State's data program. The study presented a table of data use. station funding, and data availability for 391 continuous-record streamflow-gaging stations. The report concluded that all stations active in 1984 have sufficient uses to justify their continued operation. The three network-funding and nine data-use categories as defined in the report are presented in the following section.
NETWORK FUNDING AND DATA USES
The three sources of funding for the streamflowdata program are:
I. Federal program-funds directly allocated to the USGS for the purpose of collecting streamflow data.
2. Other Federal Agency (OFA) program-funds that have been transferred to the USGS by other Federal agencies for data collection by the USGS to meet the needs of those agencies.
3. Federal-State Cooperative programs-funds that combine USGS cooperative-designated Federal funding and funding from a non-Federal cooperating agency. Cooperating agency funds can be in the form of cash or direct services.
Each station in the streamflow-gaging network can be classified into one or more of the nine data-use categories defined by Massey (1985) . The definitions of the nine primary data uses and the classification of stations active on October I. 1999, are as follows:
Regional Hydrology: The relations between streamflow characteristics (measures of mean flows, peak flows. and low flows) and basin characteristics (geography and climate) form the basis of regional hydrology. The relation between streamflow and factors such as drainage area and precipitation characteristics can be used to estimate streamflow characteristics at ungaged sites. However, data must be gathered from streams largely unaffected by impoundments or diversions so that empirical relations are meaningful.
In the Texas network, six existing stations were in the regional hydrology data-use category. Two of the stations were designated as benchmark stations and four were index stations. Benchmark stations are part of the Hydrologic Benchmark Network of 50 sites nationwide in small drainage basins that are relatively free from human alterations. Data collected at benchmark stations provide information about the changing quantity and quality of streamflow and other conditions related to long-term trends. Index stations are long-term stations used to prepare a national monthly summary of water conditions. Hydrologic Systems: Hydrologic-system stations provide data used to define current hydrologic conditions and to monitor changes and trends in the movement of water in both unregulated and regulated systems. Stations recording diversions and return flows and the passage of flows through regulated storage systems as well as stations defining the interaction of water systems are in this category.
Almost 95 percent of existing daily flow stations were hydrologic-systems stations. The Texas Natural Resource Conservation Commission (TNRCC) relies on data from many of these stations to administer wateruse permits throughout the State. Various river authorities also use hydrologic-system stations to allocate water resources among users.
Legal Obligations: The USGS sometimes is obligated to operate stations to satisfy certain legal requirements. which include the verification or enforcement of existing treaties, compacts, and decrees. As of October I, 1999, no stations in the Texas program were in this category.
Planning and Design: Certain projects require streamflow record for proper design and planning. Such projects include the construction or operation of dams, bridges, floodwalls, water-supply diversions, hydropower plants, and wastewater-treatment facilities. Stations in the planning and design data-use category were installed specifically for such projects and continue to serve in thi s capaci ty.
About 60 of the existing daily flow stations in Texas were in the pI anning and design data-use category. Among the cooperators for this type of station are the TNRCC, USACE, municipalities, and several river authorities.
Project Operation: These stations assist water managers in making operational decisions affecting reservoir releases, hydropower operations, or diversions for irrigation and other water consumption. To be useful for project operation, data must be available to operators on a real-time or near real-time basis. Routine data availability every few days might be sufficient for some projects on large streams.
About 100 ofthe existing daily flow stations were in the project-operation category. Data users include the TNRCC, TWOB, various river authorities, municipal water districts, flood control districts, US ACE, and Bureau of Reclamation.
Hydrologic Forecasts: Accurate hydrologic forecasting relies on dependable and accurate near real-time data. Hydrologic-forecast gaging stations form the basis for flood forecasts in specific river reaches and for periodic flow-volume forecasts at specific locations or in regions at daily, weekly, monthly, or seasonal intervals. Another use of stations in this category is for the monitoring of low-flow conditions during times of drought. Stations in this category generally provide data on a real-time, or near real-time basis.
Stations designated by the National Weather Service as necessary for flood forecasting are in the hydrologic-forecast category. Other agencies including the TWOB, TNRCC, river authorities, municipal water districts, and USACE might use data during flood and drought conditions. Most streamflow data in Texas are available on a near real-time basis. Data are available to cooperators and the general public on the Internet. Because of rapid data transmission and data accessibility, nearly all existing streamflow-gaging stations were in the hydrologic-forecast data-use category.
Water-Quality Monitoring: Streamflow data at gaging stations where water-quality or sediment-transport data are collected are essential to the interpretation of chemical and biological constituents, sediment concentrations, and computation of daily and annual loads. About 180 streamflow-gaging stations operated by the USGS with funding from many cooperators were in this category. Stations in urban areas collect data related to the effects of urban runoff. Other stations monitor discharges from sewage-treatment facilities and industrial plants. Some stations provide data to help define eutrophication and turbidity problems in water supplies.
Stations operated as part of the National StreamQuality Accounting Network (NASQAN) also are included in this category. NASQAN stations measure the amount of chemicals and sediment in flow at sites on the Nation's largest rivers to characterize sub-basins, identify regional source areas of chemicals and sediment, and assess human influences on observed concentrations and amounts of these materials. In the past, about 40 NASQAN stations were operated in Texas; as of October 1, 1999, only 8 NASQAN stations were active-7 on the Rio Grande and I on a tributary to the Rio Grande. The USGS monitors water quality at the NASQAN stations, and the IBWC is responsible for streamflow-gaging operations at these stations.
Research: Gaging stations operated for research or water-investigations studies typically are in place for a limited time, often for only a few years. In the past. such stations have collected streamflow data to support model development.
About 80 existing stations were in the research category. About 30 of the stations are part of an urban hydrology project in Houston, and another 27 stations are part of a project to identify nonpoint discharge sources in urban areas. Eight investigations throughout the State used the remaining stations in the research data-use category.
Other: Streamflow-gaging stations in at least one of the eight categories also provide useful information for recreational planning. Canoeists. rafters. and fishermen who enjoy the streams of Texas benefit from the public availability of data from USGS gaging-stations. No stations. however, are operated or funded primarily for recreational purposes. The "other" category reflects the fact that streamflow data can be useful for purposes other than the original purpose of the station.
MAJOR OBJECTIVES OF A CORE NETWORK
The USGS and the TWDB defined four major objectives of a core network of streamflow-gaging stations for Texas. A gaging station must provide data that contribute to at least one of the four objectives to justify its inclusion in the core network. The four objectives are:
I. Regionalization (estimate flows or flow characteristics at ungaged sites in I I hydrologically similar regions).
2. Major flow (obtain flow rates and volumes in large streams).
3. Outflow from the State (account for streamflow leaving the State).
4. Streamflow condition assessment (assess current conditions with regard to long-tertn data and define temporal trends).
The specific number of stations to be included in the network was not predetertnined. All active and discontinued stations were considered for inclusion in the core network. New stations were not considered because the large network of active and discontinued stations was assumed to be a sufficient pool of stations from which to select the core network. Also. the historical data needed for each station in the core network are not available for new stations. Because of the expense invol ved in reactivating stations, a discontinued station was included in the core network only if it made a substantial contribution. Existing stations not included in the core network provide redundant data, data for specific studies, or data needed to meet other objectives. The USGS might continue to support and operate such stations but not as part of the core network. The remainder of this section describes the purpose for each objective and the defining factors used to select stations that meet the criteria of each objective.
Regionalization:
It is not economically feasible to gage every stream site of interest. Thus other means are necessary to estimate flows or flow characteristics at ungaged sites. Regionalization stations must be located in natural, or mostly natural. basins and provide data important for defining flow characteristics in regions with similar hydrologic characteristics ( fig. 3 ). Stations are distributed within each hydrologic region to characterize the range of basin characteristics (drainage area. main channel slope, and basin shape) of each region. Regionalization stations commonly are used to estimate low-, mean-, and high-flow characteristics at ungaged sites. Stations meeting the criteria for this objective provide data to develop regional regression equations for estimating flow characteristics and for simulation of flows or flow characteristics at specific ungaged sites. The USGS and other agencies maintain computer programs to estimate streamflow and streamflow characteristics for ungaged sites. Such computer programs and statistical procedures typically require data from gaged sites for model calibration.
Major Flow: The second objective of the core network is to monitor and define streamflow rates and volumes from major streams in the State. Stations monitoring major flows provide information crucial for waterresource management and thus are important to the TWDB, TNRCC, and other agencies. The major streams of Texas (pi. I) provide the largest flow volumes and much of the State's water supply. Decisions concerning water allocation for municipalities. agriculture, and industry (particularly in times of drought) depend on timely infortnation about major flows.
For the purpose of this objective, a major flow is defined as the streamflow from a contributing drainage area of at least 1,000 square miles or as the streamflow of a river whose base flow is sustained by major springs. The Carnal River (springflow from Carnal Springs) and San Marcos River (springflow from San Marcos Springs) are the two streams in the State in the latter category. Most major flows in the State are regulated, so stations on these streams typically are not suitable for predicting flows or flow characteristics at other sites. However, data from these stations are needed for waterresource management. A sufficient number of stations on each major stream is required to define changes in streamflow over time and space. Many existing stations were excluded from the core network because their streamflow data are made redundant by nearby stations on the same stream. An analysis of the streamflow correlation between stations is presented later in this report.
Outflow from the State: The third major objective of the core network is to account for outflow from the State. Stations that provide data to meet this objective are at sites along the Gulf of Mexico or on the eastern border of the State and gage tlow from basins greater than about 1,000 square miles. Their data define the quantity (and quality) of water leaving the State and can be used, along with data from stations gaging inflow to the State, to document statewide or basinwide water budgets of runoff. The effects of changes in land use, stream impoundment, and withdrawal rates are represented in the data collected at State outflow sites.
Periodic water-quality and suspended-sediment data have been collected at most outflow stations. Such data, in combination with streamflow data, provide estimates of water-quality-constituent loads and trends in water-quality-constituent loads of flow into the Gulf of Mexico. Previous studies (Slade, 1992; Judd, 1995) have investigated streamflow to the Gulf of Mexico and include data from stations in Texas located near the Gulf of Mexico.
Most ofthe major basins in Texas originate within the State. Streamflow from the Canadian River, Pecos River, and Rio Grande, however, originates in New Mexico. A stream station on the Canadian River in New Mexico (Canadian River at Logan, N. Mex.) monitors inflow to Texas from that stream, a station on the Pecos River in Texas (Pecos River near Orla, Tex.) monitors inflow to Texas from that stream, and a station on the Rio Grande in Texas (Rio Grande at EI Paso) monitors inflow to Texas from that stream.
Streamflow Conditions Assessment:
Stations that provide data to meet the objective of streamflow conditions assessment must be long-term, geographically diverse stations with large natural, or mostly natural, basins. Data from these stations are used for assessment of flow conditions throughout the State and for analyses of temporal trends in streamflow. To be included in this category, a station must have at least IS years of daily streamflow record; most of the stations have at least 30 years of record. Stations that provide data to meet the assessment objective must be distributed throughout the State so that the different hydrologic regions are represented. Streamflow-conditionsassessment stations provide information for both shortterm and long-term planning. Stations that provide data to meet this objective also serve as indicators of both drought and flood conditions.
EVALUATION OF THE EXISTING NETWORK
Several tools were either developed or applied in the evaluation to determine whether stations should be included in the core network. Simple definition tests were sufficient to identify stations that met the criteria for three of the objectives: major flow, outflow from the State, and streamflow conditions assessment. Two tools were used to determine whether stations met the criteria for the regionalization objective: boundaries of hydrologic regions and a regional optimization model. A third tool, flow correlation analysis, was used to identify stations that provide redundant flow data, in order to minimize the number of stations needed to form the core network.
Hydrologic Regions
To conduct regional analysis of streamflow characteristics, the State was subdivided into regions that have relatively homogeneous hydrologic characteristics. The USGS has identified hydrologic regions ( fig. 3 ) to define areas of similar climatology (precipitation and evaporation), physiography, surface geology, soils, and vegetation in previous studies (Asquith and Slade, 1995, 1997) .
Delineation of the hydrologic regions was based primarily on reports by Carr (1967) and Kier and others (1977) . Delineation also was influenced by drainagebasin boundaries for the major streams and areal density of the existing streamflow-gaging stations. Majorstream drainage-basin boundaries in Texas generally are oriented from northwest to southeast, and many of the hydrologic boundaries are aligned with those drainage boundaries. Climatic-division boundaries, however, along with physiographic and geologic boundaries, generally are aligned perpendicular to the basin boundaries. The hydrologic boundaries that are oriented perpendicular to major-stream basin boundaries are closely aligned with climatic, physiographic. and geologic boundaries. Also, an effort was made to pass hydrologic boundaries through areas with few streamflow-gaging stations. Where feasible, the boundaries were located downstream from areas of relatively dense station distribution, so that stations would be in the same regions as their drainage basins. Eleven hydrologic regions formed the basis of the regional optimization model.
Regional Optimization Model
The objective of the regional optimization model (Tasker and Stedinger, 1989) is to develop an effective gaging strategy to indicate where gaging stations should be located and how long they should be operated to maximize hydrologic information that could be used for regional analyses. This model was used to identify the stations for the regionalization objective. To optimize regional hydrologic information subject to a set of budget constraints, a backward-step regression technique was used to identify the relative value of data for all active and discontinued gaging stations. On the basis of the relative value of a stations's data, along with the cost to operate existing stations and the cost to install and operate discontinued stations, the regionalization gaging network can be optimized on the basis of data value and expense. In addition to the budget constraints, stations that must remain active in the future were identified in the model. The model is based on regionalizing mean annual flows and 25-year peak discharges from basin characteristics such as drainage area, basin slope, basin shape, and mean annual precipitation (Tasker and Stedinger, 1989) .
The regional regression method that relates mean annual flow or 25-year peak discharge at a station to drainage-basin characteristics is a multi variable regression model that can be written, after suitable transformations, in the form of the following linear equation:
where Y = logarithms of mean annual flows or 25-year peak discharges at all stations within a region, X = basin characteristics for the region, ~ = regression parameters to be estimated, and £ = random errors for the model.
The mean annual flows and the 25-year peak discharges were log-transformed to achieve a more linear relation. Stedinger and Tasker (1985) and Tasker and Stedinger (1989) provide details for estimating ~ and £ using general least-squares (GLS) regression methods.
In general, GLS regression methods maximize regional hydrologic information by minimizing the average of the mean square error of prediction (MSEP) over a representative set of basin characteristics for all stations within a region. The MSEP, also known as the mean error variance, is a combination of the inherent model error variance (MEV) and the sampling error variance (SEV) for a station. The MEV remains constant for each region; therefore the average MSEP for each region is a function of the average sampling error variance (ASEV) constrained by a budget. The ASEV can be reduced by collecting new data, either by activating discontinued stations and adding them to the regression, by operating stations for longer periods, or by a combination of these two methods. This property of the ASEV allows an evaluation of the effects of collecting new data using different gaging strategies on the predictive ability of regional regression models and forms the basis for the network analysis that follows.
The ASEV can be computed from MSEP as a function of budget constraints such as the number of stations being operated and the length of the period of operation, referred to hereafter as a planning horizon. Fundamentally, the computation poses a very large nonlinear integer programming problem; however, an approximate solution can be obtained using a backward-step approach.
In summary, the backward-step approach begins with the computation of the ASEV for all possible gaging stations within a region being operated for a specified planning horizon. In an iterative process, a single gaging station then is dropped and the ASEV recomputed such as to maintain the minimum ASEY. This iterative process is continued until the minimum budget is achieved. The ASEV values are then transformed into mean sampling errors (in percent). This approach is applied separately for mean annual flows and 25-year peak discharges for each of 5-, 10-, and 20-year planning horizons and for each of the II hydrologic regions in Texas.
Figures 4-6 show the results from the model for the three planning horizons for the mean annual streamflows; every active and discontinued station with daily streamflow data in a natural basin was included in the model (352 stations). Figures 7-9 show the results for the same planning horizons for the 25-year peak discharges; 519 stations (all stations with annual peak data in a natural basin) were included in the model. The budget constraints are expressed in terms of the number of stations operated during the indicated planning horizons. The three curves in each figure show that, as the gaging stations are operated for longer periods of time, the mean sampling error is reduced. The shape of the curves indicates that, as more stations are kept active, the mean sampling error is reduced to a minimum, beyond which increasing the number of stations operated does not decrease mean sampling error. The fact that mean sampling error does not decrease as the number of stations operated increases does not mean that nothing can be gained by operating those stations on the flat part of the curve-it means that the expected reduction in regional regression prediction error cannot be forecast accurately. Moreover, data collected at some specific stations on the flat part of the curve can be used for purposes other than regional hydrologic data analysis. What can be determined from the analysis is the rank ordering of stations in terms of their cost effectiveness for providing regional hydrologic information. Those stations on the steepest part of the curves offer the most valuable regional hydrologic information relative to basin characteristics. The ranking of the stations provides a means of deciding which stations should be continued for optimal regional hydrologic information ifthe budget will not allow all stations to be operated.
The shapes of the curves (figs. 4-9) reveal individual station needs for the planning horizons and indicate relative data needs for the regions. For example, for each region, increasing the duration of the planning horizon increases the number of stations on the steepest part of the curve. This indicates that longer planning horizons require more stations to effectively reduce the sampling error of the data. The scales in the figures for the sampling errors differ for the regions; thus the values of the errors together with the station positions on the error curve are used to determine the most effective stations for the regions and the State.
For the analyses regarding mean annual streamflows (figs. 4-6), regions I and 2 ( fig. 3 ) have the largest sampling errors. This is attributed to the physiography and semiarid climate of the two regions. The mean annual precipitation for the regions ranges from about 8 to about 20 inches. Much of the annual precipitation is from a few thunderstorms that produce large areal variations in precipitation depth. Therefore, large variations in storm runoff and annual runoff can occur at the stations. The large variations in runoff cause large sampling errors in the data.
Specific stations in each hydrologic region (except region 2) were identified to be in the core network throughout each of the planning horizons. These were long-term stations that met the regionalization objective and were judged too important to discontinue. Such stations do not exist in region 2. In figures 4-9, the minimum number of gaging stations identified to be in the core network for each hydrologic region is indicated by the plotting position on the horizontal axis (number of stations in operation) of the left-most circle or square symbol. For example, for the I O-year planning horizon for region I (fig. 4) , 18 stations were considered for the region. The points on the graph show the sampling error for the indicated number of stations included in the network. In the example, the first step of the model includes the full network of 18 stations as shown by the right end of the graph. The next step of the model identities the station deemed the least important in maintaining a small sampling error, and that station is excluded from the model. The sampling error is then based on the 17 remaining stations, as indicated by the horizontal position of the right-most point on the graph. The rightmost point on the graph represents the first "excluded" station. Three stations were too important to discontinue; thus the left-most circle, which represents the last of the 15 stations eligible to be excluded, is plotted at 3 on the horizontal axis. The three remaining stations in the optimization model provided the most hydrologic information on mean annual flow in terms of basin characteristics for region I. If all 15 stations eligible to be excluded in the optimization process were discontinued, the three stations identified to remain active throughout the lO-year planning horizon would provide regional hydrologic information with a mean sampling error of 70.39 percent.
Some stations on the steep part of the curve (figs. 4-9) were not selected to be in the core network because the data are highly correlated with data from adjacent stations, as discussed in the next section. Likewise, some stations on the flat part of the curve are in the core network because they meet one or more objective other than regionalization.
If completely new stations (those without current or historical data) had been considered for the analysis, they probably would rank as most important because the value of data at a new station usually is greater than the value of data from an existing station. However, the location of a station and its basin characteristics also affect the value of the data for regional analysis-a new station located near an existing station might provide redundant data. An existing station that is unlike any other, in terms of basin characteristics, might be more important for regionalization than a new station with redundant basin characteristics.
Flow Correlation
A statistical test was done on streamflows for existing streamflow-gaging stations to identify the strength of association between gaged flows. The test is based on the correlation coefficient for annual mean and annual peak streamflows for proximate stations on the same stream. Candidate station pairs were processed if both stations had data for at least 10 corresponding years with similar basin conditions (regulated or unregulated). If both stations in a pair had corresponding years of unregulated and regulated data, data from both periods were processed. The station pairs were selected by visual inspection of the location of active stations.
For the anal ysis, 116 station pairs with annual mean flow data were chosen by inspection. Each station pair was located on the same stream or on a stream and its upstream tributary. Some of the stations were paired with more than one other station. Figure 10 shows the ranges of correlation coefficients for annual mean flows between paired stations in the Arkansas, Red, Brazos, Trinity, Neches, Sabine, and San Jacinto drainage basins. Figure II shows the ranges in the Colorado, Lavaca, Guadalupe, San Antonio, Nueces, and Rio Grande drainage basins. Figures 12 and 13 show the ranges of coefficients for annual peak flows between paired stations in the same two geographic areas. Tables 1-4 (at end of report) list the correlation coefficients for the paired stations. Most of the stations in this analysis are on regulated streams with large drainage areas, thus most meet the major flow objective. Paired stations with an annual mean streamflow correlation coefficient greater than 0.95 were reviewed to identify stations to be excluded from the core network. In some cases, streamflow at one station is highly correlated with streamflow at more than one other station, in which case a single station was selected for the core network. The stations selected for inclusion in the network were those with (I) the longer or longest period of record; (2) water-quality data; and (3) the closer or closest location to the mouth of the stream. Stations proximate to the stream mouth can represent outflow from the basin.
PROPOSED CORE NETWORK
The evaluation of the existing streamflow-gaging network was used to develop a core network that best meets the four m;uor objectives previously discussed. The proposed core network comprises 263 stations. Table 5 (at end of report) lists the stations in the network and selected characteristics for each station, including the status (active or discontinued); the number of years of record; the contributing drainage area; the hydrologic region; and the objective or objectives for the station's data. Plate 1 shows the locations of the core network stations.
Also identified (see footnote 3, table 5) is a minimum core network, which is a smaller network designed to meet the objectives. The minimum core network comprises 243 stations and is considered the optimum network that could be operated if the cost of operating the entire core network is prohibitive.
Of the 263 stations in the core network, 43 are discontinued. Additionally, 15 of the 220 active stations are partial-record stations. Each of the major objectives requires streamflow volumes; thus each station in the network must be operated as a daily flow station in order to meet the objectives. Accordingly, to complete the core network, 43 stations would need to be reactivated, and 15 would need to be converted from partial-record status to continuous-record status. Of the 243 stations in the minimum core network, 25 are discontinued, and 14 are partial-record stations.
Many of the proposed core network stations meet more than one objective. Fifty-five of the stations meet two objectives, 16 stations meet three objectives, and I station meets all four objectives. A summary of the characteristics for the stations meeting each objective is presented below.
Regionalization: The regional optimization model previously discussed was used to identify the stations providing the most valuable data for each of the hydrologic regions. The stations selected as meeting the regionalization objective for the core network generally are those that contributed the most to reducing the regional regression prediction error-they are the stations on the steepest part of the mean sampling error curve (figs. 4-9). Many of the stations on the steepest part of the curve were not selected for the core network because their streamflows are highl y correlated with those of stations that were selected. Of the 352 stations tested in the optimization model, 185 were selected 
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Correlation coefficients computed for selected paired stations with 10 years or more of corresponding record. Table 1 lists station pairs, basin regulation condition, common years of record, and correlation coefficient. with 10 years or more of corresponding record. Table 2 lists station pairs, basin regulation condition, common years of record, and correlation coefficient. 
Correlation coefficients computed for selected paired stations with 10 years or more of corresponding record. Table 3 lists station pairs, basin regulation condition, common years of record, and correlation coefficient. 
Correlation coefficients computed for selected paired stations with 10 years or more of corresponding record. Table 4 lists station pairs, basin regulation condition, common years of record, and correlation coefficient. Outflow from the State: Twenty-one streams that flow out of the State were identified. Only one of those streams, the Sulphur River, is not gaged for outflow. The Sulphur River crosses the State border just downstream from Lake Texarkana (pi. 1). The stream reach downstream from the reservoir frequently is in backwater from another river, thus cannot be gaged for streamflow without great expense. However, as of 1999, the USACE determines outflow from Lake Texarkana. Those data can be used to represent State outflow from the Sulphur River Basin. Because of backwater from the Gulf of Mexico or other water bodies, some stations are located upstream from the mouths of streams. In some cases these stations also are upstream from large tributaries to the outflow streams. Therefore, the sum of gaged flows on the main channel and the tributary or tributaries can be used to compute basin outflow. Such is the case for Cypress Creek (three stations) and the Neches River (three stations). Two stations gage outflow from the Sabine and Guadalupe Rivers. One station on the Sabine is just upstream from where the river becomes a state border with Louisiana, and the other station is near the mouth of the river at the Gulf of Mexico. For the Guadalupe River, one station is near the mouth where streamtlow gaging sometimes is complicated by backwater from the Gulf of Mexico, and the other station is farther upstream. For the other outflow streams, one station is used to gage each outtlow from the State. Twenty-six stations, with a median record length of 59 years. were selected as meeting this objective. All these stations were active as of October I, 1999, and included in the core network.
Streamflow Condition Assessment: Fifty stations were selected as meeting this objective in the core network, each of which was active as of October 1. 1999. Each of these stations also meets the regionalization objective. The median length of record for these stations is 53 years. The number of stations within each hydrologic region ranges from two stations in region 8 to seven stations in regions 9 and 11.
The USGS presents an on-line assessment of streamtlow conditions based on data from stations that have at least 30 years of data. The assessment presents, for each station, near real-time tlow conditions as a percentile of its historical data. The assessment is at http://water.usgs.gov/tx/nwis/rt.
SUMMARY
The USGS streamtlow-gaging network in Texas is operated as part of the National Streamgaging Program and is jointly funded by the USGS and Federal, State, and local agencies. The streamtlow-gaging network has changed substantially during the more than 100 years since its inception. The network began with a few stations in the 1890s, peaked at about 650 stations in the 1970s, and currently (1999) is about one-half that size.
This report documents an evaluation of the existing (as of October 1, 1999) network with regard to four major objectives of streamtlow data; and on the basis of that evaluation, proposes a core network of streamtlowgaging stations that best meets those objectives. The objectives are (l) regionalization (estimate flows or tlow characteristics at ungaged sites in 11 hydrologically similar regions), (2) major flow (obtain flow rates and volumes in major streams), (3) outflow from the State (account for streamflow leaving the State), and (4) streamflow conditions assessment (assess current conditions with regard to long-term data. and define temporal trends). Simple definition tests were sufficient to identify stations that met the criteria for major flow. outflow from the State, and streamflow conditions assessment. A regional optimization model (in addition to hydrologic region boundaries) was used to determine whether stations met the regionalization objective. The optimization model maximizes the value of the gagingstation data and minimizes the cost of obtaining the data, thus optimizing the network on the basis of value and expense. Among the stations that met at least one of the four network objectives, flow correlation analysis was used to identify stations that provide redundant flow data. Paired stations that were highly correlated (annual mean streamflow correlation coefficient greater than 0.95) were reviewed. A single station was selected for the core network from groups of two or more highly correlated stations.
The network analysis resulted in a proposed core network of 263 stations. Of those 263 stations, 43 were discontinued as of October I, 1999, and 15 were partialrecord stations. Thus, implementation of the core network would require reactivation of 43 stations and conversion of 15 stations from partial record to continuous record. Fifty-five of the proposed core-network stations meet two of the four major objectives, 16 stations meet three objectives, and I station meets all four.
One-hundred eighty-five stations with a median record length of 33 years were selected to meet the regionalization objective. The number of regionalization stations in each hydrologic region ranges from 7 to 28. Ninety-two stations with a median record length of about 62 years were selected to meet the major-flow objective. Major-flow stations are in 12 of the State's 15 major river basins. Twenty-six stations with a median record length of 59 years were selected to meet the outflow from the State objective. Although only 21 streams that flow out of the State were identified, gaging stations on large tributaries are needed in basins where main-stem gages are upstream of the tributarymain stem confluence. Fifty stations with a median record length of 53 years were selected to meet the streamflow-conditions-assessment objective. The number of streamflow-conditions-assessment stations in each hydrologic region ranges from two to seven. Table 4 '" 
